Abstract-Unsymmetrical output voltage generation of the three phase stand-alone inverter is caused by unbalanced load and a dead time distorts inverter output voltage more unsymmetrically. When the inverter supplies unbalanced load, three phase output voltages include unbalanced odd harmonics but dq-axis voltages at synchronous reference frame have even harmonics with different magnitude each other. In this paper, a new compensation method is proposed to improve the symmetry of inverter output voltage and simultaneously compensate the voltage distortion caused by dead time. The proposed dead time compensation method uses proportional integral (PI) and resonant (R) control. The effectiveness of the proposed method has been investigated and verified through experiments by a 10kW inverter under unbalanced load.
I. INTRODUCTION
ICROGRIDS are modern, small-scale versions of the centralized electricity system using multiple use of distributed generation (DG) system and energy storage system. Stand-alone microgrid is mainly installed in areas when utility is not connected and it conducts a role supplying power to loads. The stand-alone inverter is used to deliver clean renewable energy from PV power, wind power, and fuel cell power. It consists of dc source, dc/ac power conversion unit, LC filter and load as shown in Fig. 1 . When the stand-alone inverter supplies unbalanced loads, inverter output voltage is distorted and dead time effect is different from the balanced load condition. Under unbalanced load condition, unbalanced three-phase currents result in unsymmetrical output voltage [1] . The unbalanced output voltages are divided into positive sequence component, negative sequence component and zero-sequence components. In the previous literature [2] , a voltage control method using two reference frames rotating in the opposite directions is described. When the positive sequence component is controlled by PI control in positive synchronous reference frame (PSRF) and the negative sequence component is controlled by PI control in negative synchronous reference frame (NSRF), PI control yields excellent performance without increasing the control gain. 
A. Analysis of dead time effect under unbalanced load
The commonly used three-phase pulse width modulation (PWM) inverter is shown in fig. 2 . The typical gating pulse pattern of the sinusoidal PWM is shown in fig. 3 . The switches were assumed to be ideal, which allowed the status of the two switches in an inverter leg to change simultaneously from on to off and vice versa. The signal PWM+ is gating signal about upper device and PWM-is gating signal about the lower device. In the ideal case, switches of same lag complementary are turned on and turned off by ideal gating signal. In practice, because of finite turn-off and turn-on times associated with any type of switch, a switch is turned off at the switching time instant [6] . However, the turn-on of the other switch in that inverter leg is delayed by a dead time to avoid arm short.
During the dead time, both the power devices in the same leg cease to conduct and one of the diodes conducts. flows to load, the lower diode will conduct. Otherwise, the upper diode will conduct. During the dead time, voltage of the inverter leg is determined by current direction as shown in fig. 3 . Comparing the ideal waveform without the dead time to the actual waveform with the dead time, the average difference between the ideal and the actual output voltage over the one period T s is shown in (1). 
Three-phase currents are unbalanced because of any unbalanced load and these currents are represented using different angle θ1, θ2. At this time, only the fundamental wave component of the current was considered. The Phases of the three-phase voltage error are not balanced and voltage errors are shown in (2) ~ (4) using Fourier series. th harmonic in synchronous reference frame is not appropriate under unbalanced load.
B. Proposed deadtime compensation method under unbalanced load
The proposed voltage control strategy using PI and resonant control under unbalanced load condition is described as follows. Positive sequence and negative sequence included in load voltage is transformed to dc quantities in two reference frames rotating in the opposite directions. Synchronous frame PI controller's outputs to control these components are represented as feed forward term. Odd harmonics in output voltage are transformed to even harmonics in PSRF. Therefore, multiple resonant control technique is used.
C. Experimental results
To verify feasibility of the proposed voltage control method, 10kW three-phase stand-alone inverter in fig. 4 is implemented. Control objective is that line to line voltage is controlled to balanced voltage with low THD regardless of the load condition. Fig. 5 shows experiment waveforms of line to line load voltage and its Fourier spectra according to load condition. Fig. 5(a) shows voltage distortion caused by unbalanced load and dead time when conventional controller is used only. Output load voltage is distorted because of unbalanced odd harmonics. Fig. 5(b) shows the results when the proposed voltage control method is used. Unbalanced factor is reduced to 1.1% from 4.3% because fundamental voltage is controlled by PSRF and NSRF PI controller and unbalanced odd harmonics are compensated by multiple resonant controls. Also THD of the waveform is reduced to 1.5% from 4.3%. Finally, feasibility of proposed voltage controller is proved through experiment results. In the previous literatures, dead time effect of the balanced system was analyzed but analysis of dead time effect under the unbalanced load did not exist. In this paper, when the stand-alone inverter supplies the unbalanced load, voltage distortion caused by unbalanced load and dead time has been analyzed and new deadtime compensation method based on the analysis has been proposed. THD of the output line to line voltage is reduced to 1.5% from 4.3% and unbalanced factor is reduced to 1.1% from 4.3% using the proposed compensation method. 10kW three-phase inverter prototype has been built and feasibility of the proposed method has been verified through experiments.
